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Introduction
One of the primary goals of igneous petrology is to model the processes that
generate the observed variety of igneous rocks. Since direct observation of the Earth's
interior is not possible, igneous petrologists must make inferences about the Earth's
internal processes by direct observation of rocks at the surface. The first development in
the petrogenetic modeling of rocks was the development of Bowens' discontinuous series
of crystallization (1928), which described the closed-system chemical evolution of a
basaltic meltto a more evolved, silicic composition. Bowen's simple fractional
crystallization assumes the system achieves and remains at equilibrium. However, most
geologic systems are open systems, and are continuously changing with respect to
pressure, temperature, and composition. To model such a dynamic environment we must
know the thermodynamics and kinetics of natural geologic systems. The principles of
Rayleigh fractionation can be applied to magma systems in an effort to quantify the
behavior of elements during partial melting (Gast, 1968) or fractional crystallization.2
However, partition coefficients are not constant and we cannot quantify these processes
without an understanding of how the partitioning of elements will change as the magma
evolves.
The systematics of Rare Earth Element (REE) and High Field Strength Element
(HFSE) partitioning behavior is useful in petrogenetic modeling for several reasons. The
ionic radii of REE's decrease systematically with atomic number while the configuration
of their outer electron shells remains the same. Therefore, the REE behave as a group
with differences in partitioning behavior between them mainly being a function of ionic
radius.Therefore, the shape of their distribution patterns and absolute value of the
partition coefficients will be strongly dependent on the structure of the mineral into which
they substitute. Each mineral involved in the crystallization history of an igneous rock
leaves it own signature on the REE pattern of that rock.
The principles that govern the behavior of HFSE during petrogenic processes are
similar to those of the REE. Among the r cations (Ti, Zr, and Hf) there is a systematic
increase in ionic radius from 0.605A to 0.72A.The 5+ cations, Nb and Ta, have the
same ionic radius of 0.64A (Shannon, 1976) and therefore, they should have similar
partition coefficients. HFSE distribution patterns are particularly distinctive of certain
tectonic settings.In particular, magmas generated at volcanic arcs are depleted in the
HFSE compared to ocean island and mid-ocean ridge basalts. The depletion of the HFSE
has been postulated to be the result of 1) high degrees of partial melting of the mantle
source followed by REE enrichment; 2) stability of a HFSE enriched phase within the3
mantle; and 3) fractionation or partial melting of amphibole. Therefore, knowledge of
the partitioning of the REE and HFSE into amphibole is pivotal to our understanding the
petrogenesis of many continental margin magmas.
Many of the minerals involved in the chemical evolution of magmas (olivine,
pyroxene, amphibole, mica) exhibit solid solution, where crystal chemical variations may
effect the partitioning of trace elements.Since major and minor-element compositions
of a solid-solution are controlled in part by pressure and temperature, partitioning of trace
elements may be affected by these same parameters (Green, 1994).Given that published
partition coefficients (D-values) for trace elements vary over an order of magnitude for
the same system (Riving, 1978; Green, 1994), careful selection of D-values is necessary
when modeling petrogenetic processes.
Two general approaches have been adopted in the modeling of D-values. One
method of determining appropriate partition coefficients is to collect D-values for
mineral/liquid pairs for systems of specific chemical and physical conditions, which limit
the application of D-values to those specific systems that have been studied.Another
approach to the modeling of D-values is to link the partitioning of trace elements with the
behavior of major elements, such as Ca or Ti (Forsythe et al, 1994, Nielsen et al, 1992,
1994, Gallaghan and Nielsen, 1992, Sisson, 1994, Klein, in press). This approach models
the partitioning of trace elements over a wide range of mineral/melt compositions with an
equally wide range of physical parameters.However, it requires a great deal of
partitioning data to be known about the systems being modeled, for the partitioning of a
trace element into a crystal is a function of physio-chemical characteristics of both the4
crystal and the melt. Temperature, pressure, and crystal chemistry can alter the flexibility
and radius of a site vacancy, while the activity of melt components may reduce or
increase the solubility of trace elements in the melt.
In order to quantitatively model the differentiation of a system where the
conditionsarecontinuously changing, we must define theeffectsof pressure,
temperature, and composition on the partitioning behavior of all elements to be modeled.
The partitioning of REE and HFSE into olivine, plagioclase, and pyroxene over wide
range of pressure, temperatures, and compositions have been the subject of several
investigations (Jones, 1984; Beattie et al., 1991; Kinzler et al. 1990; McKay, 1986;
Gallaghan, 1991; Gallaghan and Nielsen, 1992).The goal of this project is to collect a
data set of experimentally determined partition coefficients for the REE and HFSE
between amphibole and andesitic to dacitic melts at 2 and 5kb. This data set will be used
in conjunction with existing data on other systems (LaTourrette et al., 1995; Brenan,
1995; Adam and Green, 1994; Nicholls and Harris, 1980; Sisson, 1996; Green and
Pearson, 1985b) to calibrate expressions describing the partitioning of these elements
between amphibole and melts of basaltic to dacitic composition.5
Importance of Amphibole
Amphibole is present in rocks ranging in composition from basalt to rhyolite. In
rocks of intermediate composition, such as andesites and dacites, it may account for 20
volume percent of the rock (Wones and Gilbert, 1982) and, along with biotite, is the
dominant mafic component.Amphibole phenocrysts occur in approximately 40% of
silicic andesites and dacites (60-69% SiO2) and in 10-20% of andesites(Ewart, 1979;
Sajon,1996).
In a study of the effects of amphibole fractionation on andesite genesis, Cawthorn
and O'Hara (1976) recast natural amphibole and andesite compositions into a five-
component system consisting of SiO2, A1203, CaO, MgO, and Na2O.Liquid lines of
decent were then projected onto a pseudoquaternary diagram that illustrates the evolution
of a simplified tholeiitic basalt to an andesite via the equilibrium crystallization of olivine
± clinopyroxene ± amphibole from basalt, followed by amphibole ± orthopyroxene ±
plagioclase precipitation from the andesite intermediate composition. The compositions
of several calc-alkaline volcanic suites (Cascades, Japan, Aleutian) fall along this
projected liquid line of decent showing the direct genetic relationship of amphibole
fractionation and andesite genesis. However, the liquid line of descent for the andesites
and dacites discussed in Cawthorn (1976) are compared to experimentally derived and6
average amphibole compositions instead of naturally occurring phenocrysts within the
lavas, leaving doubt as to the direct genetic link between amphibole fractionation and
dacite genesis.
The paucity of amphibole phenocrysts in many dacite lavas has long been cited as
evidence against amphibole fractionation during the petrogenesis of calc-alkaline lavas.
Its instability at low pressures and low water contents often cause amphibole to break
down prior to eruption.In many cases amphibole phenocrysts are present only as
partially resorbed remnants. Another reason for the scarcity of amphibole in dacitic lavas
is the explosive nature of calc-alkaline volcanism. Amphibole is stable in magmas with
> 4 wt% water, which tend to erupt explosively, whereas eruptions producing lava flows
may have less of a volatile content.Therefore, studies of lava flows will potentially
underestimate the abundance of amphibole in magmas.
Analyticalstudiesonamphibolephenocrystswithinpumicefragments
(Rutherford and Devine, 1988;Romick et al, 1992) have supported a direct genetic
relationship between the phenocrysts and melt. Mass balance calculations suggest that
amphibole-bearing pumice from Adak Island in the Alaskan Aleutians may represent the
complement of hornblende cumulate xenoliths recovered from the lavas (Conrad and
Kay, 1984). Similar amphibole cumulates have been observed as xenoliths in many arc
basalts, andesites and granitoids (Beard, 1986; Conrad and Kay, 1984; Ferreira, et al.
1995; Castro, 1992; Kempton et al, 1995; Dautria et al. 1987). In addition, trace element
patterns for glass shard separates from the Aleutian dacite pumice exhibit a depletion in
the middle to heavy REE's, which is consistent with amphibole fractionation.7
Based on the results of an experimental study of the 1980 dacite erupted from Mt.
St. Helens, Rutherford and Devine (1988) postulate that the fractionation of plagioclase
and orthopyroxene effectively increased the XH20 content of the melt until amphibole
stability was reached (XH200.67).Since Si is a moderately incompatible element in
amphibole (D 0.6), the fractionation of this mineral increased the SiO2 content of the
melt from 68 to 73 wt%. In addition, plagioclase crystallization is supressed in a volatile-
rich melt (>5.5 wt%). However, a degassing event or injection of an anhydrous magma
into the system, quickly reduced the volatile content of the magma to 4.6 wt % allowing
the concomitant crystallization of plagioclase, orthopyroxene, and amphibole.
Greenschist and amphibolite-grade metamorphic rocks are abundant in oceanic,
arc, and continental crusts.Dehydration melting of amphibolites and metabasalts
generate a wide variety of silicic melts (Skjerlie and Johnston, 1996; Winther, 1996;
Mysen and Boettcher, 1975; Hartel and Pattison, 1996; Spulber and Rutherford, 1982).
Since amphibole is common and is sometimes the dominant mafic phase in these rocks, it
potentially may be important in crustal anatexis and assimilation. For example, when
greenschists and amphibolites in the crust are raised above their solidus they may melt via
the following dehydration reaction (Beard and Lofgren, 1991):
9 quartz +33 amphibole + 5 plagioclase = 2 magnetite + 6 opx + 20 cpx + 19 melt
Amphibole exerts a strong control over the volume and chemistry of coexisting
liquids during melting of a metabasalt.The results of Beard and Lofgren (1991) are8
confirmed by Rapp (1995) who determined that the amount of melt increased by 20% at
the amphibole-out boundary.In addition, liquids generated by partial melting of a
metabasalt are generally peraluminous until the amphibole-out boundary, at which point
they become increasingly metaluminous (Rapp, 1995). Since amphibole is stable over a
wide range of conditions and is important in the genesis of melts during partial melting, it
is likely to play a major role in the trace element chemistry of the resulting melts.9
Previous Work
The majority of existing partitioning data for amphibole has been the result of
phenocryst/matrix determinations (Sisson, 1994), or experimental studies restricted to a
narrow range of starting compositions (LaTourrette, 1995, Brenan, 1995). For example,
Adam and Green (1994) examined the effect of pressure and temperature for a single
basaltic composition. They found that D-values for REE in amphibole were negatively
correlated to pressure, and that there was less of an effect for temperature (1000 °C vs.
1100 °C) than pressure. Green and Pearson (1985) investigated the effects of pressure on
partitioning of trace elements in an andesitic liquid at 900 °C. They observed that the
partitioning of REE is negatively correlated with pressure and attributed this decrease in
DREE as a function of the flexibility of the amphibole structure,which becomes more
discriminating than clinopyroxene or sphene at greater pressures.
LaTourrette (1995) examined thepartitioningof trace elements between
amphibole and a basanite melt at 15kb and 1100°C, while Brenan et.al. (1995)
investigated trace element partitioning between amphibole and a simplified synthetic
andesite melt at 15kb and 1000°C.In an effort to quantify the effects of pressure and
temperature on partitioning, both studies modeled the partitioning of trace elements into
amphibole with an elastic strain model originally developed for plagioclase by Blundy
and Wood (1991).This model equates the partition coefficient of an element to the
amount of strain induced upon the crystal lattice upon insertion of said element. The10
results produced parabolic curves for each element group (REE, HFSE, Large Ion
Lithophiles); the maxima of each delineated the optimal partition coefficient and ionic
radius for a specific crystallographic site within the amphibole.
Klein (in press) investigated the low pressure (1 Gpa), and low temperature
(800°C, 850°C, and 900°C) partitioning of REE and HFSE between amphibole and
tonalitic melt. Partition coefficients, when modeled in terms of both melt structure and
elastic strain, fell long the predicted Onuma curves.In addition, Klein found that the
partitioning of the REE correlated to DTI and fell on trend with D-values obtained in
previous studies (Adam and Green, 1994; Brenan, 1995; LaTourrette, 1995). Given that
the radii of the REE (0.977 A for Lu to 1.16 A for La) is similar to Ca (1.12 A ), one may
asdsume that the REE's may substitute for Ca in the M4 site. However, when compared
to Dca, the REE partition coefficients were not of similar slope to the other studies.
Sisson (1994) used the ion-microprobe to investigate the effects of composition
on the partitioning of trace elements between amphibole and melts of basaltic andesite to
high-silica rhyolite composition.Partition coefficients were calculated from values
obtained from phenocryst separates and remelted quench-crystallized matrix.In his
study, Sisson found that the partitioning of trace elements into hornblende strongly
correlated to Dca, and calculated expressions that predicted trace element partitioning as a
function of Ca content of the amphibole and melt. These values were determined from
phenocryst-matrix pairs and the equilibration temperature and pressure for the crystals is
unknown. Given the relative flexibility of the amphibole crystal structure, regressions
incorporating the effects of pressure and temperature may be important.11
While the aforementioned studies have investigated the partitioning of amphibole
and trace elements over a wide range of compositions, temperatures, and pressures, no
single investigation has systematically examined the effects partitioning over a significant
portion of the compositions, pressures, and temperatures in which amphiboles are stable.12
Amphibole Stability
The stability of amphibole has been investigated by two types of experiments: 1)
water-added experiments, done under both water-saturated and water-undersaturated
conditions and;2) dehydration melting experiments on amphibole bearing protoliths.
The results of these studies indicate that the stability field for amphibole increases with
increasing water pressure.In water-added experiments on andesitic to dacitic liquids,
amphibole is stable to 875-925°C at PH20 of 1-2 kb (Rutherford et al, 1985; Rutherford
and Devine, 1988; Beard and Lofgren, 1991). At PH20 greater than 2kb, amphibole is
stable up to 975°C. For basaltic liquids, the upper limit of the amphibole stability field is
approximately 900°Cfor pressures less than 2kb (Beard and Lofgren, 1991).At
pressures greater than 2kb, the upper limit of amphibole stability is 985°C (Sisson and
Grove, 1983), and for a magnesio-basalt it is 1045°C (Allen and Boettcher, 1983; Huang
and Wyllie, 1986; Beard and Lofgren, 1991).
The limits of amphibole stabilityin dehydration melting experiments are
dependent on starting composition.At pressures of 8kb and above the solidus
temperature for amphibole ranges from 850°C-900°C in basaltic to dacitic compositions,
and up to 925°C for an amphibolite of alkali-basalt composition that is near water-
saturation (Rushmer, 1991). At pressures of 7kb and below there is limited evidence for
the coexistence of amphibole and liquid, except when in equilibrium with tonalitic and
trondhjemitic melts between the temperatures of 850-900°C (Beard and Lofgren, 1991).13
In this case amphibole is present only when the melt fraction is less than 15%. It is clear
that amphibole break-down is important during partial melting of amphibole bearing
crustal rocks at low melting percentages and pressures.14
Crystal Chemistry
The general formula for Ca-rich amphiboles is A0_1X2Y5Z8022(OH,F,C1,0). In
Ca-rich amphiboles, the A-site is largest (12-fold coordination) and is occupied primarily
by Na, and K. The X-site (M4), which is octahedrally coordinated and located adjacent to
the A-site, is occupied primarily by Ca, and excess Na not assigned to the A-site. The Y-
site (M1, M2, and M3) takes up Mg, Mn, Fe2+, Fe3+, Al, Cr, and Ti. The tetrahedral Z-
sites are composed of Si and Al, and make up the long silicate double chain framework of
the amphibole (Hawthorn, 1981).
The similarity of ionic radii between the REE (0.977 A for Lu to 1.16A for La)
and Ca (-1.12A) leads to the prediction that the REE's may substitute for Ca in the M4
site, whereas, HFSE may occupy any of the M sites. If the other HFSE behave like Ti,
the M2 site will be favored (Robinson, 1982). However, if the HFSE behave as they do
in pyroxenes, the M4 site will be favored (Forsythe et al., 1994).
In an early study on the mechanism for substitution of REE's into the crystal
lattices of pyroxenes and amphiboles, Onuma (1968) concluded that trace elements
occupy the lattice sites of pyroxene crystals, rather than occurring as separate phases
within the crystal. In addition, Onuma claimed that the partitioning of many elements is a
function of the character of the crystallographic sites and their change with the
concentration of other elements in the mineral.
The partitioning of trace elements is controlled by a combination of factors,
including the ionic radius of the substituting ion and the radius of the available site.15
Those ions whose radius and charge equal that of the available vacant site will
preferentially fill that site over ions whose radius and charge do not match those of the
site.Subsequent work on pyroxenes(Lindstrom, 1976; Green and Pearson, 1985a;
Gallahan and Nielsen, 1992) has demonstrated that structural controls in the mineral are
not the only constraint to the partitioning behavior of REE's and HFSE's into silicates,
but that changes in the activity of the melt components are equally important.16
Theory
The partitioning of an element between silicate melt and crystal is a function of
both the concentration and activity of the elements of interest. When the activities of
elements are not well known, distribution coefficients (D = XcrYstal/Xmelt) are often used to
approximate equilibrium constants. The use of D to approximate an equilibrium constant
assumes that mixing of an element between phases is ideal and proportional for a given
pressure and temperature condition. Yet, silicate melts are not ideal, as observed in the
wide variety of D's for any given condition. However, the activity of dilute solutions in a
silicate melt may be modeled as ideal solutions when related to their concentration by a
proportionality constant (k).For example the exchange of Ti between a silicate melt and
amphibole can be described by the following formation reaction:
[Na00.5 +2CaO +TiO2 +4 MgO +5SiO2 +3A1201 5] melt÷[(NaCa2)(MgaTi)(Si5A13)02.211"
The equilibrium constant for this reaction can be written as:
Keg
Ampa(NaCa2)(Mg4Ti)(S i5A13)
ta melt \ (melt \2 ta melt \ta melt \ (melt \5 ta melt\
kNap 5 ) k Ca0 Ik )k TiO2) lSiO2 ) A101.5
(2)17
Under conditions of constant pressure and temperature, the activity (a) of each element in
each phase is related to concentration (X) by an activity coefficient (7)(a =X7).
Assuming ideal mixing and simple oxide melt components, y =1 and a = X (Raoult's
Law). Therefore, the equilibrium constant would be:
Amp
X(NaCa2)(Mg4Ti)(Si5A13)
Keg melt melt \ 2 melt \ 4 melt \ melt \ 5(Xmelt V
X (Xmelt
kX/kX) kX/ Na00.5 CaO MgO TiO2 SiO2 A101.5
However, silicate melts are not ideal solutions, and the activity coefficients for trace
elements in amphibole are not known. While the compositional dependency of activity
coefficients for some elements in a silicate melt can be reduced (Nielsen and Dungan,
1983; Ghiorso et al., 1994), the behavior of Al and Ti is very poorly understood.In
addition, we know that the mixing of Ti between the two phases is not ideal as expressed
by the variability in D values at fixed pressure and temperature (Adam and Green, 1994;
Green and Pearson, 1985b; Nicholls and Harris, 1980 ).
Yet, the partitioning of trace elements into amphibole can be modeled as a
function of certain major or minor elements (Ca, Ti), as has been done with pyroxenes
and amphiboles (Forsythe et al, 1994, Nielsen et al, 1992, 1994, Gallaghan and Nielsen,18
1992, Sisson, 1994, Klein, in press). Assuming that the partitioning of REE and HFSE is
linked to Ti, as has been observed in pyroxenes, thena useful approximation of the
exchange of Ti and trace element (Zr) in amphibole would be:
TiSi5A13016,5Amp ±ZrO2Liq <> ZrSi5A13016,5Amp + T1021.1(1 (4)
The equilibrium constant for this exchange of Ti and Zr can be written as:
Ampa
melt aZr Ti Keq Ampmelt aTiaZr
(5)
by assuming the activity of ZrAmP is linearly related to its concentration we can substitute
Xy for a :
f,, AmpAmp \ f_ meltmelt ) kli r
Keq
kAZri Zr Ti0 Ti
f_ Amp
A/
Amp \ f meltmelt
k r kliTi1 Ti Zr. Zr
(6)
The partitioning of Tican be expressed as the ratio of Ti in the crystal over the
concentration of Ti in the melt:
D
Amp
ATi
melt
ATi
(7)from equation (7) D XAmp/Xmelt
rAmp (melt
= DZr
Y
melt
zr
* DTI otAIIIP
19
(8)
For most silicate systems, trace elements are in such dilute concentrations that each cation
can be considered to be chemically isolated from the next. Therefore, even with moderate
increases in concentration, the activity coefficients for each trace element can be
considered to be constant.Therefore, equation (8) can be simplified to:
K = _a *
eq
Drri
k (9)
Where k is a constant representing the proportionality ratio for the activities of Zr and Ti.
Assuming that the activities of Zr and Ti are constant but proportional at any fixed
pressure (P), temperature (T) ,and composition, and that this proportionality constant
changes linearly with changing conditions, the linear correlation between a partition
coefficient and inverse temperature can be written as:
lnKeq = A/T + BP + C (10)20
where A and B are constants that describe the effects of temperature and pressure. By
combining equations (9) and (10) the partitioning of Zr can be predicted via the following
relationship:
lnDz, = A/T + BP + C + DlnDTi
where D is the constant acquired from regressing the Zr partitioning data against the DTi
data, and C is the regression constant related to the natural log of the proportionality
constant of equation (9).
Empirically derived partition coefficients obtained from experiments covering a
wide range of conditions can be plotted against various intensive and compositional
parameters in an effort to discern which parameters best describe partitioning of trace
elements into amphibole. Multiple regressions can be run through the data set, thereby
quantifying the effects of the chosen parameters on amphibole partitioning.The
constants are then applied to equation (11) to create expressions that will predict the
partition coefficient over the range of conditions used in the regression.
Without a large and diverse data set, it is difficult to derive expressions that
adequately describe the effects of composition, pressure, and temperature on the
partitioning of any specific element. A numerical fit to the data represents a first step,
however, any solution must be demonstrated to be geologically relevant.In this study,
we collected an experimental data set of partition coefficients for igneous amphibole and21
dacitic melts that have been used in conjunction with previously collected data on basaltic
systems to describe temperature and composition effects over much of the range where
amphibole fractionation and/or melting is important.22
Controls on Partitioning
The advent of electron microprobe and neutron activation analytical techniques
approximately 30 years ago led to a marked increase of trace element partitioning work
(Onuma et al, 1968; Schnetzler and Philpotts, 1968; Philpotts and Schnetzler, 1970;
Nagasawa and Schnetzler, 1971; Irving, 1978). The partition coefficients determined in
many of these early studies consisted of phenocryst-matrix determinations, whichare
subject touncertainty regarding equilibrium between the phenocryst and the melt
(matrix) and/or uncertainty with respect to pressure, temperature and oxygen fugacity.
The result being that acquired partition coefficients varied on several orders of magnitude
within the same system (Irving, 1978; Henderson, 1982).
Experimental determination of partition coefficients offer the advantages that
pressure and temperature are controlled.However, the size of crystals generated with
experimental techniques were often small and difficult to analyze by available analytical
equipment capable of detecting trace elements in natural abundancies. This problem of
small crystal size can be mitigated by doping an experiment with the elements of interest
to levels that permit the use of an electron microprobe for in situ analysis of small (
micron) crystals.The benefit of in situ analysis is that inclusions of trace phases can be
detected with back scatter imaging, and contamination of trace phases from inadequate
mineral separation can be avoided (Michael, 1988).The amount of dopant added to a23
charge is on the order of 0.1-1.0 wt%, enough to be quantitatively measured by the
electron microprobe, yet still be dilute enough to fall within the bounds of Henry's Law
behavior (Drake and Holloway, 1981; Watson, 1985; Gallaghan and Nielsen, 1992).
Crystal-chemical effects
The partitioning of an element into a crystal structure is dependent on both its
ionic radius and charge (Goldschmidt 1937; Onuma, 1968; Blundy and Wood, 1994).
Recent studies (Blundy and Wood, 1994; Brenan, 1995; LaTourrette, 1995; Klein et al. in
press) have modeled the crystal structure as an elastic body with an optimum ionic radius
for each crystallographic site such that the lattice site energy is minimized. Partitioning
of an element into a specific crystallographic site is reflective of the amount of strain
induced upon substitution of that ion. Those cations that are closest to the optimal radius
for the site will produce the least amount of strain in the crystal lattice, resulting in a high
partition coefficient for that element. As the difference in radius between substituting
cations and crystallographic sites increases so does the crystal strain, resulting in low
partition coefficients for that element. An expression that describes the strain energy
induced from the insertion of a cation into a lattice site in which it does not fit is as
follows (Brice,1975):
AGstrain = -4ICNAE [r0/2 (r; -r0)2 + 1/3 (ri-r0)3] (1)24
where NA is Avogadro's number, E is Young's Modulus, ri is the ionic radius of a trace
element in a given site, ro is the optimum ionic radius for the site.Assuming that the
activity-composition relationships are the same for both major and trace-elements, a
crystal-melt partition coefficient can be expressed as:
D =DO exp(-AG,,/RT) (2)
where Do is a constant that represents the optimum partition coefficient for an unstrained
site at a given pressure, temperature and composition, R is the gas constant and T is
absolute temperature. Assuming that the predominant contribution to the free energy of
this reaction is zGstrain, then equations (1) and (2) can be combined to give:
log D = log Do 4ICNA E / 2.303RT [1.0/2(ri-r0)2 + 1/3(ri-ro)3] (3)
This expression provides a physical basis for the correlation between partition coefficient
and ionic radii and can be used to calculate the partition coefficient as a function of r and
E.This type of analysis has been used to model partition coefficients in plagioclase,
clinopyroxene, and amphibole crystals (Blundy and Wood, 1991, 1994; LaTourrette,
1995; Brenan, 1995).
Partition coefficients plotted as a function of radius define a parabola with a
maximum that defines optimal partition coefficient and optimal site radius.E is a
function of the half-width of the parabola. The wider the parabola, the more flexible the25
site is.A rigid site is defined by a parabola with steep limbs, indicating that small
changes in cation radii will result in greater variations of D-values. This relationship is
illustrated in a comparison of the relatively flexible M-4 site compared to the more rigid
M1-3 sites (Comodi et al, 1991).
Site occupancies within the amphibole for this model are assumed to be that REE
follow Ca into the M-4 site, that Na and K solely occupy the A-site and that the HFSE's
occupy any of the M1-3 sites.Ionic radii are from Shannon (1976), using coordination
numbers of VI, VIII, and XII for the M1-3, M4 and A-sites, respectively.
Melt Structure
Melt composition,structure of a melt, and the activity of melt components are all
linked by the degree to which the melt components interact. Therefore, modeling the
partitioning of trace elements as a function of melt structure may approximate the melt
compositional effect on REE and HFSE partitioning within amphibole. As the structure
(polymerization) of a melt increases, it is less able to dissolve many cations. As a result,
some cations preferentially enter into the crystal structure.
The structure of a melt can be calculated as a function of the ratio between non-
bridging oxygens to tetrahedrally coordinated cations (NBO/T) (Mysen, 1983).Those
cations which tend to be tetrahedrally coordinated in a melt (Si, Al, P) are considered to
be network formers (T), while those cations which disrupt the network of a melt (Ca, Mg,
Fe, Na, K) form non-bridging oxygens (NBO). For peraluminous melts, the amount of Al
which acts as a network former (tetrahedral coordination) is that which can be charge26
balanced by [Na+K+0.5(Ca+Mg)]. Any excess Al is then assigned as a network modifier
(Nielsen, 1985, 1988). The ratio of non-bridging oxygens to tetrahedrally coordinated
cations (NBO/T) is then used to approximate the structure of a melt. Those melts with a
high degree of structure will have lower NBO/T values than less polymerized melts.27
Starting Compositions
A range of natural starting compositions were chosen for this study (Table 1) to
produce melts representing much of the range of compositions in which amphibole
fractionation (or stability during melting) is important.These particular samples were
chosen because the melting phase relations are already known from previous experiments
(Beard and Lofgren, 1991), as is the partitioning of these elements into pyroxenes
(Gallaghan and Nielsen, 1992; Nielsen et al., 1992; Forsythe et al., 1994; Nielsen et al.,
1994; Green and Pearson, 1985, Ray et al., 1983, Green, 1994). The alkaline composition
was chosen to examine the effect of alkalis on the partitioning behavior of REE and
HFSE within amphibole. The fact that natural compositions were utilized for this study,
allow for direct application of this study's results to natural geologic systems.
Table 1 : Starting compositions used in this study
T-85 AT4 557 478 ABA
SiO2 45.50 48.62 57.02 52.47 49.04
TiO2 4.11 0.91 0.60 1.74 1.27
A1203 15.04 17.38 15.39 15.29 16.37
Fe2O3 13.84 6.21 1.92
FeO 4.19 8.01 11.79 7.45
MnO 0.18 0.13 0.17 0.22 0.18
MgO 5.12 7.66 5.52 5.29 7.45
CaO 10.95 11.64 9.20 9.21 10.81
Na2O 3.5 2.44 2.54 2.55 3.42
K2O 1.85 0.63 0.44 0.16 0.44
P2O5 0.14 0.19 0.18 0.49 0.16
(T85)-fractionated alkaline basalt from Tahiti T85 (Duncan et al, 1994); (AT4)- high-
alumina basalt from the Aleutian Islands (AT-4, Beard and Lofgren, 1991); (557)- low-K
calc-alkaline andesite (Beard and Lofgren, 1991); (478)- greenstone of calc-alkaline
andesite composition (Beard and Lofgren, 1991);(ABA)- Alkali basaltic amphibolite
(ABA, Rushmer, 1991)28
Experimental Technique
Each starting material was powdered and doped with approximately 0.5 wt.%
each of the dopant mixtures. Three dopant mixtures (1) LHLLa, Hf, Lu; (2) STN
Sm,Ta, Nb; and (3) YGZ Y, Gd, Zr were utilized in order to avoid peak interferences
during microprobe analysis. Approximately 10-30 mg of powdered material with enough
water to saturate (-10 wt% H2O) were loaded into gold capsules.
The 2-5 kb experiments were conducted by Dr. James Beard at Virginia
Polytechnic Institute (VPI) and Oak Ridge National Laboratories in internally-heated
pressure vessels (IHPV) in the laboratories of Dr. Robert Bodnar and Dr. James Blencoe,
respectively.All experiments that were conducted at VPI were run in 100% argon
pressure medium, with pressure (± 0.1 kb) monitored by a manganin cell and temperature
(± 7°C) monitored by three chromel-alumel thermocouples. Oxygen fugacity was not
buffered or monitored, but in such systems is typically within 1 log unit of Nickel-Nickel-
Oxide (NNO).The experiments conducted at Oak Ridge were run in a reducing
environment of 96% argon and 4% hydrogen.Pressure was monitored by calibrated
Heise gauge and temperature by type-S thermocouples (Table 2).
Experiments were raised to a temperature above the solidus and allowed to
completely melt, at which point the temperature was reduced to the appropriate
amphibole solidus and allowed to crystallize amphibole ± plagioclase ± clinopyroxene
from the melt.Since these were crystallization experiments, no relict mineralogy was29
present in any of the charges.Each experiment was quenched by simply turning the
power off for the IHPV runs. Quench time for the IHPV experiments is between 20-40
seconds.
Table 2: Summary of experimental conditions
Facility ApparatusP(Kb)Temp( T)102 Time (hr.)H2O
Virginia Internally 2 900, 940 1logunit water
PolytechnicHeated 5 900, 940 above NNO 96 saturated
Institute Pressure
Vessel
Oak Ridge Internally 2 945 Ph2 water
National Heated 96 saturated
LaboratoriesPressure
Vessel
1 = runs 478LHL, 478 STN, 478YGZ, T85YGZ
2 = runs T85STN, T85LHL, AT4LHL, AT4YGZ
3 = runs 557LHL 557STN, 557YGZ30
Analytical technique
Major, minor and trace element analyses were conducted with the Cameca SX-50
four-spectrometer electron microprobe at Oregon State University.Analysis of the
amphibole crystals was performed with a 15kV accelerating voltage and a 30 nA beam
current. Glass analyses were conducted with a partially defocused beam (-5-10m) and a
10-nA beam current to mitigate Na loss during analysis. Peak counting times were 10
seconds on most major and minor elements in both the glass and amphibole crystals. Due
to their lower concentrations, a 60 second counting time was used for Ti and 300 second
counting times were used for the trace elements. Original Na concentration levels in the
glasses were estimated by extrapolating the rate of sodium loss back to time zero as
described in Nielsen and Sigurdsson (1981).Care was taken not to expose the glass
matrixes to the electron beam prior to analysis, as any interaction with the electron beam
results in Na migration away from the beam.
One of the concerns during analysis of these experiments was that the beam
sampling volume may be larger than the volume of a single small amphibole crystal, or
glass patch. Any wandering of the beam off of the crystal during analysis will result in
the fluorescence of more than one phase, creating a "hybrid" analysis of glass and
amphibole. To identify erroneous results caused by beam wandering, an average of 30
amphibole and multiple glass analyses were taken on a charge.The resulting trace
element data for the glass and crystal were plotted against Ca, Al, and Ti.This
combination of elements was found to be sufficient to discriminate between analyses of a31
single phase and analyses of more than one phase based on several criteria. Ca and Al
were good indicators for a plagioclase and glass overprint on the data due to the large
difference in Ca content of amphibole and glass (12 oxide% and 4 oxide% respectively),
and difference in Al content between amphibole and plagioclase (-13 oxide% and -22
oxide% respectively). Ti was used as an indicator of an overprint from oxide inclusions.
Second, the data for each element formed tight clusters, with erroneous results trending
away from the cluster towards the endmember composition of the contaminant (Figure 1).
For instance, on a Ca plot, amphibole + glass hybrids would fall on trend between the
endmembers of amphibole and glass, while plagioclase contamination would result in
points higher in Ca but lower in trace elements.1-6 T
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Figure 1: Variation diagrams illustrating amphibole and glass data for Nb inone run. Nb
values for the glass and amphibole tend to cluster, while "hybrid" analyses trend
away from the groups. The open diamonds represent points that were removed
due to analytical error from beam wandering.33
Analytical files for amphibole and glass were constructed to analyze for all critical
elements while avoiding peak overlaps (Table 3).Peak counts were conducted at the
appropriate peak positions with a 500 sin 0 shift to either side to measure the
backgrounds. With the exception of Gd, which required a shift of 700 sin 0, a shift of
500 sin 0 to either side of the peak position insured that no other peak interferences were
encountered during acquisition of the background. Major elements were standardized
with Smithsonian standard reference materials (Jarosewich et al.,1980).The trace
elements, Y, Nb, La, Lu were standardized on the appropriate Hfrest synthetic standard
(Patino-Douce et al., 1994).Hf and Zr were standardized on the USNAMB Zircon
standard (117288-3) (1980), while Sm and Gd were standardized on the appropriate
synthetic REE standard of Drake et al, (1973).Detection limits for the trace elements
were calculated to the 66 confidence interval using the counting statistics on the
appropriate standard (equation 8.62. Potts, 1987) (Table 3).
Table 3: Background settings and Peak scans
DopantStandard Xtl Detection
Limits
Peak
Scans
Y hfrest3 LIF 0.03771700±500
Zr Zircl PET 0.01067400±500
Nb hfrest3 PET 0.03963430±500
La REE3 PET 0.06664200±500
Sm hfrest3 LIF 0.02954600±500
Gd REEl LIF 0.02548834 ± *
Hf Zircl LIF 0.05836982±500
Lu hfrest6 LIF 0.02238222±500
Ta Tal LIF 0.55735800±500
*- Gd peak was scanned at position 48834 (+)500,(-)800 to detect possible peak overlap.34
Point acquisition was documented on backscattered electron images (BSE). When
possible, glass analyses are averages of several glass patches within each charge. A
minimum of three data points were used to determine glass composition within a charge.
Water contents of the glass in each charge was estimated by subtracting the totals
obtained via the electron microprobe from 100 (Anderson, 1974; Garcia et al., 1979;
Beard and Lofgren, 1991). Water contents of the glasses were not estimated until the true
Na values were first calculated and input into the glass totals.35
Experimental Results
All capsules evolved H2O upon opening, indicating that each experiment was
water-oversaturated and no leakage occurred during the experiments.Amphibole
crystals produced in this study were small (<5 microns to 25 microns) and abundant (40-
75 modal %) (Figure 2). Crystals were inclusion free, with the exception of many crystals
generated from starting composition T-85, in which Fe-Ti oxide inclusions were detected
via BSE. Only inclusion-free amphibole crystals were analyzed.Sector zoning of the
amphiboles was not observed with backscatter electron imaging.
Plagioclase is abundant in all the 900 °C and 850 °C and most of the 2 kb, 940 °C
runs. In the 5 kb, 940 °C runs plagioclase is either present in trace amounts or not at all.
When present, the plagioclase crystals are small (5-10 microns) and tend to fill spaces
between amphibole crystals. Fe and Ti-oxides are present in most charges, and are most
abundant in the alkali basalt starting compositions. The oxides form euhedral crystals
and are dispersed throughout the charge. In the 478 and T85 runs the oxides tend to be in
clusters.
The amount of melt in the experiments range from trace amounts in the 2 kb, 900
°C experiments to60 modal % in the 5 kb, 940 °C runs. In most cases, interstitial melt
percentages average between 10-20%, with a few patches large enough to analyze with
the EMP (-10 microns). Glass was clear, and quench crystallization was minor.36
Figure 2: Backscatter electron photograph one 5kb, 940°C charge, illustrating a typical
phase assemblage in this study. The dark gray areas are melt (glass), medium-
gray areas are amphiboles, and white areas are Fe-Ti oxides.Note that
amphibole occurs as abundant, small, euhedral crystals that do not exhibit sector
zoning.
Amphibole crystalsappearedtobe homogenous in BSE images.The
homogeneity of the amphibole crystals was quantitatively evaluated by dividing the
standard deviation of each analysis by the counting statistics calculatedon an individual
measurement (Rh). This ratio gives a measure of the average deviation from the mean, in
units of 1 a counting errors. Therefore, a value of Rh2 means that the data lie within 2
a of the mean, which designates acceptable analytical homogeneity (LaTourrette, 1995)
(Table 4). All Rh values for the amphiboles from our experimentsare less than 2, with the
exception of Ti.Those samples with the greatest Rh values for Ti are the T85 starting37
materials, indicating that the crystals were not homogeneous with respect to Ti (Figure 3).
In addition, intra-crystal homogeneity was measured by performing replicate analyses on
amphibole within the same charge.In each case, at least 10 different crystals were
analyzed throughout a charge. With the exception of Ti, the standard deviation of each of
the trace elements averages between 0.05 wt % and 0.09 wt% (Table 4), which is within
0.03wt% of the standard deviation predicted by counting statistics (66).
A similar criteria was applied to the homogeneity of glass in each charge. In most
cases 10-30 glass analyses were obtained from locations scattered throughout the area of
each charge. Rh values for most of the trace elements within the glass fall below 2,
however, La, and Nb are often higher than 2, similar to findings by LaTourrette (1995).
For elements of a given charge the diffusion coefficient through a silicate melt decreases
as a function of ionic radius, and highly charged cations have very low diffusion
coefficients (LaTourrette et al., 1996). The fact that La is the largest of the REE's and Nb
is a 5+ cation may explain the heterogeneity of these cations in the glass. The degree of
intra-crystalline and melt homogeneity indicates that the amphibole crystals grew in a
well mixed melt ( with the possible exception of La), and that no significant chemical
boundary layers existed around the growing crystals.9
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Analytical Results
Amphiboles in the charges range in composition from edenite through pargasitic
hornblende to ferroan pargasite (Table 4; Figure 4a). The majority of melts fall within the
dacitic composition field on an alkali vs. Si02 classification diagram ( Table 5; Figure
4b).
Partition coefficients (D, xWmlt = ) were calculated from the molar ratios
of each element in the amphibole and glass (Table 6). Partition coefficients calculated
from mole fractions are the same as those calculated from oxide weight values, however
it is necessary to use mole fractions when calculating cation site assignments within a
crystal.Structural formulae for amphiboles were recalculated from electron microprobe
analysis after the method described by Robinson, (1982), and are presented in Table 1 of
Appendix.
Partition coefficients (D) were calculated for each point on a crystal using the
average glass concentration and then averaged ( Table 6; Figure 5).The error associated
in theD-value is believed to incorporate intra-crystalline heterogeneities, since the
partition coefficient is based on an average of multiple amphibole analyses.
To identify the important parameters that control partitioning of trace elements
into amphibole we begin by comparing the partition coefficients to single parameters,
keeping in mind that a large number of parameters may be involved. For instance, the
scatter in D at any given temperature (Figure 6) is large and obscures any temperature
dependence on D's. This same scatter is observed for D's at any given pressure. In order1.00
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corresponding number 1T85; 2- AT-4; 3- ABA; 4- 478; 5- 557.Table 4: Microprobe analyses of amphiboles produced in this study
sample 557 lhlT851h1ABAlhl4781h1AT41h15571h1T851h1t851h1ABAIhI47811115571h14781h15571h1
dopants LLH LLH LLH LLH LLH LLH LLH LLH LLH LLH LLH LLH LLH
p 8 5 5 5 5 5 2 2 2 2 2 2 2
850 940 940 940 940 940 945 940 940 940 940 900 900
n 13 15 30 11 14 5 15 14 16 11 6 22 22
SiO2 43.6340.1341.9942.7741.8945.3240.1739.2542.9245.2744.2544.4745.56
TiO2 1.13 3.53 2.02 2.55 1.50 1.21 4.40 3.99 2.31 2.42 1.12 2.70 1.57
A1203 14.08 14.23 14.52 13.30 14.21 12.88 13.33 12.80 12.60 10.08 11.01 11.48 10.72
FeO 12.34 11.44 10.70 11.74 12.32 12.19 12.54 10.389.15 10.66 11.99 11.39 10.47
MnO 0.23 0.19 0.18 0.21 0.22 0.21 0.17 0.25 0.20 0.27 0.27 0.27 0.22
MgO 11.02 12.45 13.96 13.60 12.81 13.03 11.18 13.22 15.81 15.53 15.49 14.29 16.15
CaO 10.79 11.99 11.86 10.91 11.44 11.04 11.76 12.10 11.36 10.349.73 10.64 10.74
K2O 0.25 1.35 0.30 0.11 0.51 0.21 1.07 1.22 0.27 0.08 0.11 0.08 0.15
Na2O 2.20 2.18 2.51 2.32 2.28 1.93 2.30 2.29 2.57 2.34 1.38 2.23 1.92
P2O5 0.02 0.02 0.01 0.02 0.04 0.01 0.09 0.07 0.02 0.01 0.03 0.02 0.01
Cr2O3 0.02 0.01 0.07 0.01 0.04 0.04 0.01 0.01 0.06 0.01 0.00 0.01 0.05
Cl 0.01 0.00 0.00 0.01 0.00 0.01 0.01 0.00 0.00 0.01 0.00 0.01 0.00
F 0.14 0.17 0.12 0.15 0.11 0.15 0.17 0.18 0.11 0.12 0.13 0.13 0.13
La203 0.02 0.12 0.11 0.09 0.06 0.06 0.19 0.13 0.21 0.09 0.25 0.16 0.17
Lu203 0.46 0.23 0.24 0.40 0.27 0.38 0.32 0.52 0.67 1.57 1.22 0.73 0.62
Hf02 0.11 0.32 0.29 0.26 0.28 0.18 0.57 0.32 0.35 0.24 0.56 0.43 0.28
totals 99.21 98.25 98.81 98.3397.89 98.7598.2896.7498.4498.7997.2698.8798.78
H2O 3.64 1.75 1.19 1.67 2.11 1.25 1.72 3.26 1.56 1.21 2.74 1.21 1.22
Mg# 0.47 0.52 0.57 0.54 0.51 0.52 0.47 0.56 0.63 0.59 0.56 0.56 0.61
Rh -Ti 4.02 6.44 2.13 2.34 2.88 1.97 2.79 3.73 1.60 2.89 5.81 4.39 2.92
-La1.78 0.79 1.14 1.41 1.21 0.24 0.75 0.36 0.46 0.18 0.44 0.50 0.45
-Lu2.07 1.52 0.91 1.45 1.31 2.15 1.45 4.32 1.66 3.44 6.21 2.01 2.11
-Hf1.34 0.97 0.92 0.71 0.69 0.51 0.87 1.10 1.37 0.45 1.79 1.06 0.65Amphibole Analyses Continued
sample478stnT85stnABAstn 478stnAT4stn 557stnT85stnT85stn478stnAT4stn 557stn478stn557stn
dopants NST NST NST NST NST NST NST NST NST NST NST NST NST
p 8 5 5 5 5 5 2 2 2 2 2 2 2
T 850 940 940 940 940 940 945 940 940 940 940 900 900
n 10 8 26 18 26 29 12 12 9 14 21 15 15
SiO2 44.3838.7341.1343.8939.1342.8040.1041.4845.0543.5246.9544.1946.71
TiO2 1.20 2.77 1.95 2.02 1.36 1.14 4.23 3.59 2.36 1.53 1.33 2.39 1.37
A1203 14.35 14.25 14.15 13.20 14.31 11.87 13.52 12.45 10.43 11.659.96 10.99 10.05
FeO 13.01 11.38 10.15 13.47 10.76 10.71 12.96 10.49 10.64 10.11 10.75 10.36 10.89
MnO 0.31 0.24 0.15 0.27 0.19 0.17 0.19 0.29 0.28 0.23 0.24 0.29 0.24
MgO 11.01 12.03 14.58 11.84 13.62 15.06 11.30 13.66 15.52 15.07 15.93 15.46 15.79
CaO 10.99 11.96 11.93 11.15 11.62 11.30 11.42 11.32 10.48 11.16 10.93 10.93 10.88
K2O 0.11 1.29 0.29 0.09 0.49 0.21 1.04 1.11 0.07 0.49 0.14 0.08 0.14
Na2O 2.25 2.16 2.45 2.23 2.23 1.97 2.33 2.34 2.12 2.21 1.73 2.24 1.76
P2O5 0.01 0.03 0.01 0.03 0.02 0.01 0.02 0.02 0.01 0.01 0.01 0.02 0.02
Cr2O3 0.01 0.01 0.08 0.01 0.04 0.06 0.01 0.01 0.01 0.04 0.04 0.01 0.04
Cl 0.00 0.00 0.01 0.00 0.00 0.01 0.00 0.00 0.01 0.01 0.00 0.00 0.01
F 0.16 0.16 0.10 0.15 0.16 0.12 0.17 0.16 0.14 0.17 0.12 0.13 0.13
Nb2O5 0.14 0.09 0.20 0.22 0.22 0.19 0.31 0.22 0.22 0.47 0.27 0.26 0.25
Sm203 0.10 0.16 0.34 0.34 0.33 0.44 0.43 0.18 0.45 0.37 0.44 0.53 0.46
Ta205 0.09 0.07 0.16 0.16 0.16 0.16 0.32 0.21 0.19 0.39 0.20 0.18 0.19
totals 98.0595.2797.5498.93 94.5096.07 98.3697.5497.9297.17 99.0598.0598.93
H2O 1.95 4.73 2.46 1.07 5.50 3.93 1.64 2.46 2.08 2.83 0.95 1.95 1.07
Mg# 0.46 0.51 0.59 0.47 0.56 0.58 0.47 0.57 0.59 0.60 0.60 0.60 0.59
Rh -Ti 3.87 2.55 1.75 6.02 2.37 1.58 2.45 2.80 4.26 3.03 2.60 3.55 2.31
-Nb1.32 0.56 0.93 0.71 1.91 1.91 0.87 0.72 0.48 0.85 1.71 1.05 0.79
-Sm1.97 0.34 1.34 0.83 1.24 1.14 0.98 0.47 1.83 0.86 1.95 1.01 1.08
-Ta0.77 0.20 0.33 0.18 0.32 0.43 0.67 0.23 0.36 0.40 0.37 0.30 0.19Amphibole Analyses Continued
sample ABAygx 478ygzAT4ygz 557ygzT85ygzT85ygz478ygzAT4ygz 557ygz478ygz557ygz
dopantsYZG YZG YZG YZG YZG YZG YZG YZG YZG YZG YZG
p 5 5 5 5 2 2 2 2 2 2 2
T 940 940 940 940 945 940 940 940 940 900 900
n 21 23 24 15 20 5 16 15 5 39 6
SiO2 39.6842.2541.5443.9240.1340.2444.0245.1844.0944.4945.58
TiO2 1.92 2.28 1.52 1.29 4.76 4.07 2.49 1.55 1.11 2.48 1.57
A1203 14.09 13.24 14.54 13.16 14.05 13.23 10.37 11.09 12.62 10.81 10.95
FeO 10.88 12.3911.90 11.37 11.97 10.37 10.17 10.80 11.63 10.32 11.09
MnO 0.18 0.23 0.21 0.19 0.15 0.19 0.26 0.26 0.20 0.27 0.18
MgO 13.29 12.76 13.35 14.29 11.48 13.15 15.50 14.90 14.39 15.47 15.57
CaO 11.74 11.51 11.58 10.85 11.53 11.43 10.32 10.989.74 10.54 10.55
K2O 0.29 0.10 0.47 0.20 1.20 1.21 0.08 0.59 0.13 0.08 0.14
Na2O 2.59 2.31 2.31 1.99 2.24 2.25 2.10 2.00 1.59 2.12 1.94
P2O5 0.01 0.00 0.01 0.00 0.05 0.03 0.00 0.03 0.02 0.01 0.00
Cr2O3 0.07 0.01 0.03 0.05 0.02 0.01 0.01 0.03 0.01 0.01 0.03
Cl 0.00 0.00 0.00 0.01 0.00 0.00 0.01 0.01 0.00 0.01 0.05
F 0.14 0.13 0.20 0.13 0.19 0.19 0.12 0.22 0.16 0.12 0.16
Y203 0.28 0.38 0.21 0.43 0.30 0.30 0.62 0.39 0.64 0.62 0.63
ZrO2 0.13 0.08 0.13 0.12 0.30 0.13 0.09 0.09 0.38 0.10 0.10
Gd203 0.29 0.41 0.21 0.46 0.33 0.18 0.45 0.27 0.54 0.53 0.60
totals 95.4497.9398.1098.2698.7097.0096.4798.23 97.0197.99 99.15
H2O 4.56 2.07 1.90 1.74 1.30 3.00 3.53 1.77 2.99 2.01 0.85
Mg# 0.55 0.51 0.53 0.56 0.49 0.56 0.60 0.58 0.55 0.60 0.58
Rh -Ti 2.74 2.36 2.24 2.38 3.78 3.61 2.33 2.63 0.87 3.34 4.28
-Y0.79 1.44 1.17 0.79 1.35 1.08 1.34 1.04 0.86 1.25 1.61
-Zr0.28 0.24 0.22 0.28 1.76 0.29 0.20 0.13 0.17 0.26 0.32
-Gd0.89 1.35 0.88 0.71 0.98 1.58 1.30 0.81 0.73 1.55 1.53Table 5: Microprobe analyses of glasses produced in this study
sample5571h1T851h1ABAIhI4781h1AT41h15571h1T851h1T851h1ABAIhI4781h15571h14781h1 5571b1
dopantsLLH LLH LLH LLH LLH LLH LLH LLH LLH LLH LLH LLH LLH
p 8 5 5 5 5 5 2 2 2 2 2 2 2
T 850 940 940 940 940 940 945 940 940 940 940 900 900
n 19 27 29 8 12 15 12 19 21 13 30 18 25
SiO2 61.88 60.2359.32 60.0361.1763.71 61.1856.0059.1261.14 59.8865.3965.44
TiO2 0.15 0.34 0.33 0.58 0.23 0.27 0.61 1.01 0.58 0.87 0.41 0.61 0.35
A1203 16.01 20.56 19.53 18.22 18.18 17.15 19.55 19.01 17.57 17.87 18.35 16.00 15.15
FeO 1.61 1.17 1.44 2.06 1.14 1.73 1.56 1.83 2.19 2.09 2.55 1.73 1.98
MnO 0.06 0.11 0.11 0.13 0.12 0.08 0.10 0.13 0.12 0.11 0.08 0.12 0.09
MgO 0.39 0.03 0.15 0.23 0.07 0.29 0.05 0.15 0.45 0.58 0.49 0.52 0.37
CaO 4.40 5.51 6.48 6.15 5.42 5.19 3.50 4.43 4.34 5.44 5.44 3.87 3.24
1(20 0.39 0.83 0.22 0.20 0.55 0.27 1.42 2.78 0.83 0.29 0.52 0.19 0.28
Na2O 4.50 5.02 4.44 4.10 3.77 3.41 5.73 2.07 5.14 4.12 3.51 3.84 5.04
P2O5 0.06 0.33 0.31 0.33 0.33 0.13 0.23 0.44 0.32 0.29 0.10 0.37 0.14
La2030.01 0.46 0.73 0.61 0.24 0.18 0.32 0.72 1.26 0.93 0.77 0.48 0.74
Lu2030.18 0.15 0.21 0.34 0.18 0.21 0.16 0.59 0.50 0.88 0.51 0.39 0.30
Hf02 0.08 0.28 0.35 0.37 0.29 0.19 0.33 0.35 0.49 0.54 0.41 0.35 0.30
totals 89.7295.0093.61 93.3391.6992.8294.73 89.51 92.91 95.1693.0293.8593.44
H2O 10.285.00 6.39 6.67 8.31 7.18 5.27 10.497.09 4.84 6.98 6.15 6.56
Rh-Ti3.02 1.21 0.60 1.47 0.39 0.70 2.45 1.95 0.85 2.52 0.74 0.66 0.42
-La 4.43 4.73 6.85 8.47 7.27 1.47 5.34 6.05 10.33 3.88 3.24 3.18 5.05
-Lu 0.67 0.60 0.36 0.57 0.51 0.84 1.23 1.19 1.21 2.36 1.91 0.82 0.81
- Hf 1.45 1.49 1.41 1.10 1.05 0.79 0.97 0.69 1.07 0.99 1.10 0.81 1.09Glass Analyses Continued
sample478stnT8SstnABAstn 478stnAT4stn557stnT85staT85stn478stnAT4stn557stn478stn557stn
dopantsNST NST NST NST NST NST NST NST NST NST NST NST NST
p 8 5 5 5 5 5 2 2 2 2 2 2 2
850 940 940 940 940 940 945 940 940 940 940 900 900
n 13 18 19 21 21 29 15 6 13 6 21 11 15
SiO2 62.6358.6257.6862.5555.7661.4661.2659.9659.6059.8266.7465.6067.01
TiO2 0.20 0.21 0.36 0.36 0.26 0.25 0.70 0.87 0.84 0.27 0.26 0.61 0.26
A1203 15.92 19.34 19.21 17.78 19.14 17.87 19.45 18.23 17.74 17.71 14.84 15.87 14.96
FeO 1.97 0.92 1.49 1.80 1.56 1.61 1.58 1.78 2.27 1.51 1.82 2.37 1.79
MnO 0.10 0.10 0.13 0.11 0.15 0.09 0.13 0.14 0.12 0.17 0.09 0.14 0.09
MgO 0.68 0.01 0.06 0.19 0.07 0.15 0.06 0.22 0.59 0.20 0.39 0.58 0.36
CaO 4.63 4.93 6.96 5.86 7.09 5.62 3.73 2.79 5.46 4.74 3.26 4.01 3.23
K2O 0.28 0.73 0.20 0.11 0.33 0.20 1.42 3.54 0.37 0.52 0.38 0.16 0.37
Na2O 3.62 5.09 5.43 3.85 3.89 3.55 5.60 1.95 3.52 3.34 1.14 4.16 4.20
P2O5 0.08 0.23 0.33 0.23 0.40 0.12 0.26 0.25 0.27 0.51 0.18 0.32 0.18
Nb2O50.14 0.13 0.98 0.42 0.90 0.67 0.31 0.30 0.80 0.96 0.39 0.40 0.40
Sm2030.02 0.03 0.28 0.15 0.25 0.27 0.09 0.09 0.36 0.28 0.12 0.30 0.12
Ta2050.07 0.07 0.69 0.28 0.59 0.53 0.20 0.39 1.13 0.80 0.25 0.25 0.25
totals 90.33 90.4293.8293.7090.3992.4094.79 90.5193.0690.8389.86 94.7793.21
H2O 9.67 9.58 6.18 6.30 9.61 7.60 5.21 9.49 6.94 9.17 10.14 5.23 6.79
Rh-Ti1.87 0.58 0.56 1.04 0.61 0.55 3.21 1.21 1.33 0.49 0.18 0.79 0.18
-Nb1.56 0.72 1.21 0.92 2.48 2.48 2.05 1.12 2.91 5.99 0.91 1.08 0.91
-Sm 0.54 0.16 0.62 0.39 0.57 0.53 0.36 0.17 0.72 0.81 0.22 0.48 0.22
-Ta0.94 0.35 0.56 0.30 0.55 0.74 0.87 0.83 0.88 0.70 0.32 0.31 0.32Glass Analyses Continued
sampleABAygz 478ygzAT4ygz 557ygzT85ygzT8Sygz478ygzAT4ygz 478ygz557ygz
dopantsYZG YZG YZG YZG YZG YZG YZG YZG YZG YZG
p 5 5 5 5 2 2 2 2 2 2
T 940 940 940 940 945 940 940 940 900 900
n 14 19 30 11 27 5 6 6 12 18
SiO2 60.49 62.31 60.1962.37 60.81 56.91 60.51 60.5265.8359.25
TiO2 0.29 0.38 0.24 0.25 0.84 0.86 0.74 0.44 0.63 0.57
A1203 19.68 18.04 18.81 18.29 20.38 19.31 17.64 17.63 15.43 17.03
FeO 1.16 1.30 1.32 1.38 2.28 1.45 1.78 3.22 2.02 4.51
MnO 0.10 0.12 0.14 0.08 0.11 0.12 0.11 0.17 0.13 0.11
MgO 0.03 0.12 0.08 0.08 0.07 0.07 0.43 0.97 0.66 1.70
CaO 6.82 6.11 6.29 5.77 4.84 3.75 5.25 4.79 3.91 5.88
K2O 0.19 0.08 0.38 0.13 0.79 3.32 0.32 1.52 0.12 0.63
Na2O 5.18 3.78 3.65 3.72 5.54 2.17 3.17 3.45 3.78 8.10
P2O5 0.36 0.28 0.38 0.13 0.37 0.46 0.31 0.46 0.22 0.11
Y203 0.17 0.21 0.13 0.17 0.23 0.19 0.30 0.20 0.20 0.39
ZrO2 0.19 0.12 0.16 0.16 0.32 0.22 0.36 0.33 0.13 0.34
Gd2030.14 0.17 0.10 0.14 0.15 0.09 0.22 0.13 0.19 0.30
totals 94.8093.01 91.88 92.6796.74 88.9191.14 93.8393.2698.93
H2O 5.20 6.99 8.12 7.33 3.26 11.09 8.86 6.17 6.74 1.07
Rh-Ti1.03 1.53 0.67 0.36 1.97 2.78 1.20 0.80 0.88 0.24
-Y0.37 0.67 0.54 0.37 0.34 1.09 0.63 0.49 0.57 0.55
-Zr0.71 0.62 0.55 0.71 0.64 1.24 0.12 1.03 0.59 0.47
-Gd0.32 0.49 0.32 0.26 0.21 0.54 0.52 0.37 0.68 0.29100.00
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Figure 5: Trace element partitioningpatterns for the amphiboles analyzed in this study.Shaded region delineates D-values
for basaltic systems. The order ofelements for this diagramwas chosen to illustrate the convex downward REE
partition coefficient pattern characteristicof amphibole, as wellas, the marked compatibility of Ti comparedto the relatively smooth HFSEpattern. The element, Y, is usedas a proxy for the REE, Ho, due to their identical
charge (+3) and similarity of radii(1.015 for Y vs. 1.019 for Ho).48
Table 6: Partition coefficients determined in this study. D-values were calculated from
cation normalized mole fractions. LHL- La, Hf, Lu; STN - Sm, Ta, Nb; YGZ-
Y, Gd, Zr. 3 a standard deviation is given in the parentheses.
Sampledopant P (kb) T (°C) DTi DLa DLu DHf
T851h1LHL5 9409.36(0.80)0.24(0.04)1.33(0.22) 1.03(0.31)
ABAlhlLHL5 9405.38(0.23 )0.13(0.04)1.00(0.09) 0.73(0.11)
4781h1LHL5 9403.87(0.15 )0.13(0.03 )1.02(0.11) 0.62(0.13)
AT41h1LHL5 9405.66(0.46)0.22(0.05 )1.36(0.15 ) 0.85(0.17)
5571h1LHL5 9403.88(0.25 )0.32(0.14 )1.57(0.12) 0.82(0.16)
T851h1LHL2 9456.52(0.32 )0.53(0.12 )1.83(0.25 ) 1.57(0.17)
ABAlhlLHL2 9403.31(0.10)0.14(0.02)1.12(0.07 ) 0.60(0.16)
4781h1LHL2 9402.45(0.13 )0.09(0.01)1.57(0.08 ) 0.38(0.05)
5571h1LHL2 9402.65(0.53 )0.31(0.04)2.11(0.28) 1.22(0.27)
4781h1LHL2 9003.87(0.27 )0.25(0.06)1.46(0.09) 0.91(0.16)
5571h1LHL2 9003.76(0.24)0.20(0.03 )1.74(0.09) 0.77(0.09)
DTi DNb DSm DTa
T85stnSTN5 94011.73(0.42)0.64(0.06)4.47(0.52) 0.85(0.11)
ABAstnSTN5 9404.73(0.18 )0.18(0.02)1.04(0.08 ) 0.20(0.04)
478stnSTN5 9405.09(0.62 )0.46(0.15 )1.96(0.28 ) 0.53(0.18)
AT4stnSTN5 9404.73(0.35 )0.22(0.03 )1.19(0.15 ) 0.24(0.07)
557stnSTN5 9404.08(0.25 )0.26(0.05 )1.48(0.10) 0.27(0.08)
T85stnSTN2 9455.50(0.22)0.91(0.09 )4.31(0.59 ) 1.42(0.16)
478stnSTN2 9402.49(0.18 )0.24(0.03 )1.25(0.15 ) 0.18(0.05)
AT4stnSTN2 9404.97(0.41)0.42(0.04)1.12(0.09 ) 0.41(0.08)
557stnSTN2 9404.34(0.39)0.59(0.15 )3.07(0.41) 0.67(0.20)
478stnSTN2 9003.47(0.20)0.57(0.09 )1.56(0.09 ) 0.63(0.17)
557stnSTN2 9004.47(0.44)0.54(0.07 )3.16(0.35 ) 0.66(0.13)
DTI DY DZr. DGd
T85ygzYGZ5 9405.30(0.23 )1.21(0.12 )0.89(0.13 ) 2.09(0.25)
ABAygzYGZ5 9406.24(0.37 )1.57(0.18 )0.64(0.22 ) 1.88(0.15)
478ygzYGZ5 9405.31(0.23 )1.62(0.13 )0.54(0.12) 2.11(0.13)
AT4ygzYGZ5 9405.53(0.34 )1.38(0.10)0.72(0.29 ) 1.91(0.17)
557ygzYGZ5 9404.53(0.37 )2.25(0.24)0.69(0.38 ) 2.75(0.30)
T85ygzYGZ2 9454.24(0.14 )1.37(0.16 )0.54(0.15 ) 1.80(0.38)
478ygzYGZ2 9402.67(0.11)1.84(0.13 )0.21(0.06) 2.06(0.12)
AT4ygzYGZ2 9403.14(0.21)1.72(0.17 )0.24(0.04 ) 1.92(0.16)
557ygzYGZ2 9401.76(0.05 )1.63(0.08 )1.00(0.05 ) 1.63(0.07)
478ygzYGZ2 9003.44(0.21)2.74(0.18 )0.68(0.22) 2.44(0.16)
557ygzYGZ2 9002.44(0.30)1.44(0.09)0.26(0.08 ) 1.77(0.09)0.35
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Figure 6: Trace element vs. temperature for (a) La, (b) Sm, (c) Gd, (d) Y, (e) Lu, (f) Hf,
(g) Ta, (h) Nb, (i) Zr. Note that no discernible correlations with temperaturecan
beextrapolatedfromtheseplots.Alldatapointsfromthisstudy.50
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to compensate for any temperature dependencies for a given element, plots of several
compositional parameters versus D's were constructed for runs of a similar temperature
(940°C), effectively looking at a cross section of the data base with reduced variability.
This methodology proved to be successful in the analysis of partitioning data in
pyroxenes and oxides (Gallaghan, 1991; Nielsen et al.,1994),where, correlations
between DREE and DHFSE with mole fraction of Al in melt, and Ca content of the pyroxene
were detected.Yet, no strong correlations between, Ca content of amphibole, Dm Si
content of the melt, or Al content of amphibole, were detected for any of the REE's and
HFSE's at a single temperature (Figure 7).Scatter within the data is attributed to the
complexity of the amphibole crystal structure, as well as melts of intermediate to felsic
composition.
Due to the wide range of conditions and compositions in which amphibole is
stable, a diverse data set needs to be examined. Therefore, the data set acquired in this
study was combined with the data acquired from previous experimental studies of
amphibole partitioning. The partition coefficients of REE and HFSE wer plotted over a
wide range in temperature (900°C-1100°C), composition (basalt-dacite), and pressure (2-
20kb) (Figure 8). General trends can be observed over the entire range of data, while each
data set in itself do not show strong trends, demonstrating the need to study D-valuesover
a wide range of conditions. These diagrams show a correlation in the partitioning of REE
and HFSE with the Si content of the melt, DCa, Mg # of the amphibole, and Dn. Less53
significant correlations were observed in Ca content of the amphibole and alkalinity of
the melt. No correlations were encountered with K20 of the melt of Na and K content of
the amphibole.3.00
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Discussion
The patterns of trace element behavior obtained from this study are similar in
form to those found in previous investigations on amphibole REE and HFSE partitioning.
The typical amphibole patterns show a slight depletion in the LREE's, a maximum at Ho
and a slight decrease in D for the HREE's. With the exception of Ti, the HFSE pattern
in amphibole is relatively smooth (Figure 5 ).The order of trace elements in Figure 5,
while not that of the typical smooth pyroxene configuration, was chosen to illustrate the
characteristic saucer-shape to the REE pattern for amphibole.In addition, listing the
HFSE's together emphasizes the relatively increased compatibility of Ti in amphibole
over the other HFSE.
An anomalous peak in Dsm is observed for the 5kb 940 °C, and 2kb 940 °C, T-85
runs and the two 2kb 557 runs. The peak in Dsm for the 557 runs is a function of the
dopant mixture used. The elements of Sm, Ta, and Nb were used to avoid peak overlaps
during analysis. The 2kb 557 runs are characterized by low melt percentages (-10 %)
that quickly became saturated with the dopants, Sm, Ta, and Nb.These elements
stabilized illmenite, whose crystallization increased the silica content of the melt, leading
to a higher trace elements partition coefficient of Sm, Ta, and Nb into amphibole.
The fact that the two T-85 samples have anomalously high partition coefficients
may be a result of the alkaline composition of the melt.In addition, the amphiboles
produced in these runs have the highest A-site occupancy (Table 1- appendix), as well as,59
Ally content.If Na and Ally are coupled and there is also a potentially coupled
substitution of Ti with Al, then the alkaline nature of these amphiboles may result in
relatively high partition coefficients for elements paired with Al in amphiboles (Sharma,
1996). In addition, as the structure of the amphibole changes to allow for the substitution
of Na and K in the into the A-site, consequent flexure of the octahedral sites may result,
allowing for increased partitioning of the REE's and HFSE's into amphibole, similar to
the Ca effect observed in clinopyroxene (McKay et al, 1985; Gallaghan and Nielsen,
1992).Examination of the T-85 runs indicate that numerous small, anhedral oxide
inclusions are present in the amphibole crystals and throughout the charge. This starting
material is a titanium-rich (4.11 wt%) alkali basalt and the addition of small amounts of
REE and HFSE (0.5 wt%) may have been enough to oversaturate the system with respect
to the trace elements, promoting the crystallization of REE and HFSE oxides. These two
T-85 runs also had a Rh value for Ti significantly greater than 2, indicating a lack of
crystal homogeneity.
The partitioning of the REE and Sc, Ti, V, Cr, Sr, Y, and Zr between amphibole
and natural dacitic to rhyolitic melts was found to be strongly correlated to Dca (Sisson,
1996). The data obtained in this, as well as, previous studies were used to predict REE
partitioning using both the parameters obtained by Sisson, and parameters obtained by
regressing our data to Dca.The use of Sisson's parameters overestimate the partitioning
of trace elements for basaltic systems (Figure 9). We attribute the anomalous D values
for basaltic systems to the fact that Sisson's constants were regressed against silicic
systems only.-cs
ct
o0
Td
C.)
c)
1.55
1.05
0.550
0 05
C:-0.45 z
-0.95
-1.45
-1.45 -0.95 -0.45 0.05 0.55
In Ds. experimental
1.05
60
1.55
Figure 9: Application of regressions derived in Sisson (1994) to basaltic to dacitic
composition systems. Note that the data significantly departs the regression for
basaltic compositions.obasalts, Adam and Green; X'basalts, Green and
Pearson, 1985b; X dacites, Green and Pearson, 1985b;Dacites, this study;
trondhjemite, Klein, in press;dacite, Sisson, 1995
A regression of our data set against Dca alone resulted in low R2 values, indicating that
additional extensive and intensive parameters are needed to accurately describe the
partitioning of trace elements over a wide range of compositions and conditions.61
The ratio of non-bridging oxygens to tetrahedrally coordinated cations (NBO/T)
was calculated for each melt generated in this and previous studies (LaTourrette, 1995,
Brenan, 1995, Adam and Green, 1994).The partitioning of REE and HFSE into
amphibole is positively correlated to melt structure and the results of this study are
generally colinear with those from LaTourrette and Adam and Green (Figure 10).0.35
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The anomalously high melt structure (NBO/T) observed in Brenan's system is a reflection
of the simplified synthetic system used in that study (No Fe, K, or Mn). The significant
scatter observed in the La data obtained in this study is attributed to heterogeneities in the
glass that resulted from the lower diffusivity rates observed in the glass, and the presence
of La-rich trace phases.
Since the structure of a melt is directly related to the composition of that melt
(Shaw, 1970; Botinga and Weill, 1970), the use of NBO/T can be useful in modeling the
effects of melt composition on partitioning behavior of the elements.However the
partitioning of trace elements into a crystal is also a function of site vacancy geometry
and electronegativity.These site characteristics are effected byparameters such as
crystal chemistry, pressure, and temperature.Therefore, a model that predicts the
partitioning of trace elements must also account for changes in the physical properties of
the crystal.
The effects of physio-chemical properties of the amphibole crystal were modeled
after the method of Blundy and Wood (1994). The data define several parabolas (Onuma
curves) when plotted as a function of partitioning against ionic radii (Figure 11). Values
of Do, Ro, and E were obtained from a best fit of a least squares regression through the
data. These constants were used to calculate curves describing the partition coefficient as
a function of ionic radius.These curves are plotted along with the experimentally
determined partition coefficients in Figure 11.66
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Trace element partition coefficients can be predicted with this model, assuming
that information about the partitioning behavior of major elements is known. For example
the partitioning of other divalent cations (Sr, Ba) into the M4 site can be predicted with
knowledge of Dca as in the following expression (Brenan et al. 1995):
log Di = log Dca 4n NA E / 2.303 RT [ rca/ 2 (rca -02 + 1/3 (rca-ri)3]67
log Di = log Dca47c NA E / 2.303 RT [ rca/ 2 (rca -ri)2 + 1/3 (rca-ri)31
where r, is the radius of the ion of interest.In addition, the partitioning of the trivalent
REE cations into the M4 site may be modeled with the knowledge of Dca and the ratio of
optimal partition coefficients for the 2+ and 3+ cations (D02+/ Dc,3+ ).However, the
constants such as Do , ro , and E are functions of pressure, temperature and composition
of the crystal.Therefore, knowledge of all three constants must be available in order to
successfully model the partitioning of trace elements. Brenan (1995) used this method to
predict trace element partitioning into amphiboles obtained in previous studies (Nicholls
and Harris, 1980; Green and Pearson, 1985; Adam and Green, 1994; Dalpe et al, 1994,
1992, 1995; Adam et al, 1993).Comparison of the modeled results with the actual
experimental results, this method can predict D-values within 40-45%. Error is easily
introduced into this model by miscalculation of appropriate pressure and temperature
constants.For example, the flexibility (E) of a site is partially dependent on physical
parameters of the system, as well as, chemical variations. The T-sites in pargasite are
relatively rigid (-0.15% decrease from 1-35kb), while the M1, 3 and 4 sites show a
moderate decrease in volume over a 35kb pressure range.The M4-site is the most
flexible of all the M-site with 1.7% decrease in volume (Comodi et al, 1991). The M2
sites become more rigid with increasing Na content of the amphibole.In addition, the
filling of the M1 with Mg in tremolite renders this site more flexible than in glaucophane,
where the M1 is filled with Fe2+ (Comodi et al, 1991).Changes in the flexibility of the
site may result in changes in the optimal radius(ro) and partition coefficients (D0).68
Therefore, extrapolation of the constants determined from a synthetic andesite system to
higher pressure and temperature basaltic systems may result in erroneous D-values.
The effects of changing melt composition may be modeled as a function of melt
structure, and the pressure and temperature effects on crystal structure may be modeled as
a function of crystal strain. Yet, neither of the above models incorporate both the effects
of changing melt component activities and changing physical parameters of the crystal
structure. In order to accurately predict the partitioning of trace elements into amphibole,
a large data set must be used to calibrate expressions which describe the partitioning of
REE and HFSE as a function of changing melt composition and crystal physical
parameters. Data obtained in this study for andesitic to dacitic systems were combined
with data obtained previously for basaltic and dacitic systems and used to model the
partitioning of REE and HFSE into amphibole from basaltic to dacitic compositions,
pressures ranging from 2-20 kb, and temperatures ranging from 900°C to 1100°C.
REE and HFSE partitioning
Factor analysis of our data set indicate that the partitioning of REE and HFSE into
amphibole is dependent on factors such as temperature, Dca, DTI, and SiO2 content of the
melt (Figure 8).While each one of these factors alone appears to explain part of the
controls on the partitioning of trace elements, they do not take into account the effects of
other components. The relationship between DREE and DHFSE and crystal/melt parameters
was quantified by applying a series of multiple linear regressions to the data set. Several69
combinations of parameters were tried, including pressure, temperature, Dca,and DT;
each of which exhibit a correlation to the trace element partition coefficients.
Ideally, a regression that includes pressure, temperature, lnDri, Si02 content of
melt, Dca, DAI, an alkalinity term, and a Fe/Mg (Mg*) exchange term produced the
highest R2 values. However, we have found that the pressure and temperature terms can
be eliminated since these terms are related to Mg* and DTI.In addition, elimination of
Dm and alkalinity terms did not significantly decrease the R2 values.Table 7: Regression constants for REE and HFSE in amphiboles - Where Mg* = (Mg Fe)hq/ (Mg Fe) 'I
Dependent
Parameter
ConstantIn DTiSiO2 content
of melt
Mg*DCa TempPressure DA1 Alk R2
DLa -4.03 0.65 1.85 2.2 0.64
DSm -2.82 0.82 3.07 1.48 0.82
DGd -3.98 0.03 7.41 -0.92 0.95
DLu -3.55 0.61 4.19 1.89 0.87
DHf -1.96 0.63 1.07 0.37 0.8
DTa -2.72 1.15 -0.09 2.28 0.34
DZr -3.29 .099 1.68 0.47 0.74
DNb -4.58 .053 4.09 1.62 0.57
DY -3.94 0.56 5.4 2.2 0.86
DLa -3.85 0.63 1.34 2.1 .024 0.65
DSm -2.88 0.82 3.23 1.5-0.05 0.82
DGd -3.95 0.02 7.29 -0.95 0.12 0.95
DLu -4.18 0.62 5.59 2.4-0.46 0.89
DHf -1.13 0.57 -0.57 -0.23 0.54 0.9
DTa -3.46 0.94 0.11 .056 1.45 0.75
DZr -3.42 1.07 1.95 0.63-0.29 0.75
DNb -2.94 .052 0.32 1.00 1.22 0.86
DY -3.8 0.48 5.07 1.98 .032 0.89
DLa -5.28 0.26 2.82 1.07 0.39 0.03 0.02 0.79 0.42 0.67
DSm -2.52 0.53 2.51 1.2 0.42-0.013 0.008 1.19 -0.21 0.86
DGd -1.81 0.22 2.62 -0.97 0.22 0.43 0.06 -2.03 0.25 0.99
DLu -3.51 0.16 2.3 0.72 0.32 0.02 0.02 0.57 0.43 0.90
DHf -3.2 0.18 2.06 0.81 0.39 0.25 0.05 0.9 0.29 0.97
DTa -1.43 1.39 1.22 3.18 0.43 -0.63 -0.3 7.86 .56 0.89
DZr -2.75 1.3 -1.00 0.42-0.08 .06 .05 1.82 -1.2 0.93
DNb -0.82 0.32 3.14 1.64 0.29 .08 0.05 0.84 0.46 0.94
DY -4.91 0.64 7.95 -1.35-0.21-0.002 -0.12 4.75 0.51 0.9071
The inclusion of a Dca term greatly increases the R2 values for Hf, Ta, Nb and Ta,
while there is little to no increase for the REE's. This correlation of Dca with HFSE's
may be the result of optimal distortion of the Ml-M3 sites upon insertion of the Ca cation
into the M4 site, as has been observed in pyroxenes, (McKay et al, 1986, Gallaghan and
Nielsen, 1992).However, a correlation between the HFSE and Ca content of the
amphibole is less obvious than when compared to Dca. This correlation with Dca,and
not Ca content of the amphibole indicates that partitioning of HFSE may be more
sensitive to melt composition than the REE. With progressive crystallization of the
amphibole the concentration of Ca in the melt will decrease (Dca in amphibole 1.5-3.6),
resulting in increased structure of the melt. The relatively small, highly charged cations
of the HFSE group are less likely to stay dissolved in a more structured melt, and
preferentially enter into the crystal structure before the REE.
The low R2 values for La is a reflection of the general scatter in the La data, in
addition to the anomalous T-85 sample results. The T-85, 945°C samples were removed
from the regressions, as analysis of quench crystallization is suspected. The other T-85
samples were not removed from the regressions because they can accurately be modeled
for Y, Gd, Lu, and with the exception of one sample, Sm, indicating that they are not
spurious data points. The fact that some of the dopant elements within the same charge
can be modeled while others do not (i.e. Y, and Gd vs. Zr) indicates that heterogeneities
within the T-85 samples are dependent on characteristics of the individual elements. For72
example, the fact that the 3+ cations appear to more heterogeneous in the T-85 amphibole
crystals than the r cation (Zr) may be a result of varied difussivity rates (LaTourrette et
al., 1996, 1995).
The proportionality constant (C) for each regression does not go through the
origin (Table 7).This offset is a reflection of the degree to which the partitioning
behavior of trace elements is non-linear with respect changes in pressure, temperature and
composition. However, a function that better describes the partitioning behavior of trace
elements between silicate crystals and melts is currently unknown, and a linear-fit appears
to be a good approximation.
Prediction of Ti content in amphibole
The correlation of DREE and DHFSE with DT; and its relative importance in the
regressions, indicates that the partitioning of REE and HFSE into amphibole may be
approximated by the behavior of Ti over a wide range of conditions.This same
correlation has been observed in pyroxenes and magnetite (Gallaghan and Nielsen, 1992;
Forsythe etal.,1994; Nielsen,1994).Ti is commonly present in minerals in
concentrations high enough to measure with the electron microprobe, making it a very
useful indicator element. However, since the Ti content is not always known, it is useful
to be able to predict the partitioning behavior of Ti over a wide a range of compositions
as possible.73
Factor analysis of the Ti data indicates that the partitioning of Ti can be described
by the same parameters as other HFSE (Dca, Si02 content of the glass, and Mg*).
Regression constants that describe the partitioning of Ti into amphibole are as follows:
DTi = 0.12(1nDca) + 2.53(SiO2glass)1.73(Mg*) 0.066
The effect of temperature has not been omitted from this regression, due to the
fact that Mg* is partially a function of temperature (Ems lie and Roeder, 1970).DT; is
inversely correlated to Mg*, indicating that Ti may also be controlled via a coupled
substitution with Mg in the amphibole crystal. The correlation of DT; to the Si02 content
of the melt is due to the fact that partition coefficients generally increase with increasing
melt polymerization.
Test of models
The internal consistency of these trace element models was calibrated by plotting
experimentalvaluesagainstthosecalculatedwiththeregressions(Figure12).
Application of the regressions to external trace element data is limited by the lack of
additional trace element partitioning data for amphibole. However, the fact that data from
basaltic to dacitic compositions, 850°-1200°C, and 2-20 kb, were utilized in the
regressions allows these constants to be applied to a wide range of geologic systems.
Since no data from rhyolitic compositions were included in the calibrating data set,
extrapolation of these regressions into high silica systems is not recommended.In74
addition, the Nb, and Ta regressions were calibrated solely on the data from the dacitic
systems of this study, due to a lack of available data for these elements in basaltic
systems. Again, extrapolation of the regressions for Nb and Ta to a basaltic or rhyolitic
composition is not recommended.75
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Implications of REE and HFSE partitioning in Amphibole
The partition coefficients determined in this study were used to model the partial
hydrous melting of a hypothetical amphibolite. Starting mineral modes, 45% plagioclase,
40% amphibole, and 12% quartz, were modified from the subsolidus composition 478
from Beard and Lofgren (1991). In order to illustrate what the relative effect of melting
an amphibole has on the trace element chemistry, an initial concentration of 10 ppm was
chosen for all trace elements. While fractional melting appears to deplete the melt in
HFSE faster then does equilibrium melting, the relative shape of the trace element pattern
is the same for both processes (Figure 13). The REE's for the melt show a typical "saucer
shape" pattern, with a minimum at the middle REE's. In addition, melts generated by
partial melting have La/Lu ratios (2.0-7.0) similar to those observed in naturally occurring
dacites (Romick et al, 1996).
Both fractional and equilibrium crystallization curves were calculated in order to
assess the effect of amphibole fractionation on the trace element chemistry of a
crystallizing magma (Figure 14). The fractionating modal proportion of 60% plagioclase,
31% amphibole, and 9% magnetite, which is similar to that used to model the Aleutian
hornblende dacites (Romick et al., 1992) was chosen.Melts generated by fractional
crystallization of amphibole have relatively flat trace element patterns, with the exception
of Ti.In addition, these melts are characterized by lower La/Lu ratios than those
produced by partial melting.80
With the exception of Ti, there is no significant depletion of HFSE's within the
partial melting or fractional crystallization melts, indicating that amphibole fractionation
(or melting) alone cannot explain the HFSE depletion so characteristic of calc-alkaline
magmati sm.10
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Conclusions
Partition coefficients for La, Sm, Gd, Lu, Ti, Zr, Hf, Ta, Nb between pargasitic
amphibole and dacitic melts have been experimentally determined for pressures of 2 and
5kb and temperatures of 900°C to 945°C.The shape of the D-value patterns are similar
to those determined for basaltic systems, yet are systematically higher. The REE pattern
in amphibole exhibits an "inverted saucer" shape with a maximum at Ho.With the
exception of Ti, the HFSE pattern within amphibole is relatively smooth.
Although the melts generated from hydrated systems (as in this study) are more
aluminous and more depleted in Fe and Mg than natural dacites (Beard and Lofgren,
1991), melts generated in this study fall within the dacite fields on a SiO2 vs alkali plot
(Lebas et al., 1986) and within the Ca lc-alkaline trend of Irvine and Baragar (1971).
Therefore, partitioning data for these systems is considered to be applicable to many
natural systems.In addition, La/Lu ratios of melts generated in this study range from 2-
7, which is similar to those observed in natural andesite, dacite, and tonalite (Romick et
al., 1992; Gill and Stork, 1979)
The data from this study were combined with data obtained from previous studies
to calibrate expressions that predict the partition coefficients for REE and HFSE into
amphibole in basaltic to dacitic systems with in internal precision of 11-55%.The fact
that these expressions were derived from partitioning data obtained from basaltic to
dacitic compositions, temperatures of 850°C to 1100°C, and pressures of 2kb-20kb, make84
these regressions applicable to a wide range of geologic systems, including mid-ocean
ridge, volcanic arc, and continental regimes. The expressions derived from this study
should not be extrapolated to high silica systems, as no rhyolitic composition partitioning
data was included in this study.In addition, lack of Nb, and Ta partitioning data in
basaltic systems resulted in regressions that predict partitioning only in andesitic to
dacitic systems.
Fractional crystallization and partial melting calculations involving amphibole
indicate that crystallization or melting of amphibole alone does not explain the HFSE
depletion that is characteristic of arc magmas. However, the fact that REE patterns of
amphibole bearing dacites are very similar in shape to that of amphibole underscores this
minerals importance to the genesis of hydrous melts of intermediate composition.85
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APPENDIXAppendix - Structural end-member formulea for the amphiboles produced in this study
Label557 T851h1 ABAlhl 4781h1AT41h1 5571h1 T851h1 t851h1ABAIh1 4781h1 5571h14781h15571h1
P 8 5 5 5 5 5 2 2 2 2 2 2 2
T 850940 940940940940945940940 940940900900
T-Site
Si 6.706.026.196.406.286.786.135.996.34 6.776.776.666.76
Al 1.301.98 1.81 1.601.721.221.872.01 1.66 1.231.231.341.24
sum 8.008.008.008.008.008.008.008.008.00 8.008.008.008.00
Ml-M3 site
Ti 0.130.400.220.290.170.140.500.460.26 0.270.130.300.18
Al 1.250.540.710.740.801.040.520.290.53 0.550.750.680.63
Fe 3+0.000.000.000.000.000.000.000.000.00 0.000.000.000.00
Fe 2+1.101.280.990.941.170.921.43 1.250.74 0.720.590.830.62
Mg 2.522.793.073.032.862.902.543.013.48 3.463.533.193.57
3.903.724.014.063.834.083.573.754.26 4.284.414.174.38
sum 5.005.005.005.005.005.005.005.005.00 5.005.005.005.00
M4 site
Ca 1.781.931.871.751.841.771.92 1.981.80 1.661.591.711.71
Fe 2+0.490.160.330.530.370.610.170.080.39 0.620.940.600.68
Mn 0.030.020.020.030.030.030.020.030.03 0.030.030.030.03
Na 0.000.000.000.000.000.000.000.000.00 0.000.000.000.00
sum 2.302.112.222.312.242.402.112.092.21 2.312.572.342.42
A site
Na 0.650.630.720.670.660.560.680.680.74 0.680.410.650.55
K 0.050.260.060.020.100.040.210.240.05 0.010.020.010.03
Ca 0.000.000.000.000.000.000.000.000.00 0.000.000.000.00
sum 0.700.890.780.690.760.600.890.910.79 0.690.430.660.58
F 0.000.000.000.000.000.000.000.000.00 0.000.000.000.00
Cl 0.040.040.030.040.030.040.050.050.03 0.030.030.030.03
OH 1.961.961.971.96 1.971.961.95 1.951.97 1.971.971.961.96
Mg#0.700.690.760.760.710.760.640.710.83 0.830.860.790.85Structural formulea Continued
Label478stnT85stnABAstn 478stnAT4stn 557stnT85stnT85stn478stnAT4stn 557stn478stn557stn
p 8 5 5 5 5 5 2 2 2 2 2 2 2
850 940 940 940 940 940 945 940 940 940 940 900 900
T-Site
Si 6.705.96 6.12 6.59 6.03 6.506.106.24 6.75 6.55 6.96 6.61 6.94
Al 1.30 2.04 1.88 1.41 1.97 1.50 1.90 1.76 1.25 1.45 1.04 1.39 1.06
sum 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.008.00 8.00
Ml-M3 site
Ti 0.140.32 0.22 0.23 0.16 0.13 0.48 0.41 0.27 0.17 0.15 0.27 0.15
Al 1.25 0.55 0.60 0.93 0.620.62 0.53 0.45 0.59 0.61 0.700.54 0.70
Fe 3+0.000.000.000.00 0.000.000.000.00 0.000.000.000.00 0.00
Fe 2+1.14 1.37 0.95 1.19 1.090.84 1.42 1.08 0.68 0.84 0.620.74 0.65
Mg 2.482.76 3.23 2.65 3.13 3.41 2.56 3.06 3.47 3.38 3.52 3.45 3.50
3.86 3.63 4.05 3.81 3.91 4.16 3.58 3.92 4.324.164.384.26 4.35
sum 5.005.005.005.00 5.005.005.005.00 5.005.005.005.00 5.00
M4 site
Ca 1.78 1.97 1.90 1.80 1.92 1.84 1.86 1.83 1.68 1.80 1.74 1.75 1.73
Fe 2+0.500.10 0.32 0.50 0.300.520.220.24 0.65 0.43 0.71 0.55 0.70
Mn 0.04 0.03 0.02 0.03 0.03 0.020.020.04 0.04 0.03 0.03 0.04 0.03
Na 0.00 0.00 0.000.00 0.000.000.000.00 0.000.000.000.00 0.00
sum 2.32 2.10 2.24 2.33 2.24 2.38 2.11 2.10 2.37 2.26 2.48 2.34 2.47
A site
Na 0.66 0.64 0.71 0.65 0.66 0.58 0.69 0.68 0.620.640.50 0.65 0.51
K 0.02 0.25 0.060.02 0.100.040.20 0.21 0.01 0.09 0.03 0.01 0.03
Ca 0.000.000.000.000.00 0.000.000.00 0.000.000.000.00 0.00
sum 0.68 0.90 0.76 0.67 0.76 0.62 0.89 0.90 0.63 0.740.520.66 0.53
F 0.000.000.000.000.00 0.000.000.00 0.000.000.000.00 0.00
Cl 0.04 0.04 0.03 0.040.04 0.03 0.040.040.04 0.040.030.03 0.03
OH 1.96 1.96 1.97 1.96 1.96 1.97 1.95 1.96 1.96 1.95 1.97 1.97 1.97
Mg#0.69 0.67 0.77 0.690.74 0.800.640.74 0.84 0.80 0.85 0.82 0.84Structural formulea Continued
LabelABAygz 478ygz AT4ygz 557ygz T85ygz T85ygz 478ygz AT4ygz 557ygz 478ygz557ygz
p 5 5 5 5 2 2 2 2 2 2 2
T 940 940 940 940 945 940 940 940 940 900 900
T-Site
Si 6.06 6.37 6.19 6.566.07 6.106.706.74 6.73 6.68 6.78
Al 1.94 1.63 1.81 1.44 1.93 1.90 1.30 1.26 1.27 1.32 1.22
sum 8.00 8.008.00 8.00 8.00 8.008.00 8.008.00 8.00 8.00
M1 -M3 site
Ti 0.22 0.26 0.170.140.54 0.46 0.29 0.17 0.13 0.28 0.18
Al 0.60 0.72 0.75 0.880.58 0.47 0.550.69 1.000.60 0.70
Fe 3+0.00 0.000.000.000.000.000.000.000.000.00 0.00
Fe 2+1.16 1.15 1.12 0.79 1.29 1.090.64 0.83 0.600.66 0.67
Mg 3.03 2.87 2.97 3.18 2.592.97 3.52 3.31 3.27 3.46 3.45
3.84 3.85 3.88 4.21 3.71 3.914.364.174.404.34 4.33
sum 5.00 5.005.005.005.005.005.005.005.005.00 5.00
M4 site
Ca 1.92 1.86 1.85 1.74 1.87 1.86 1.68 1.76 1.59 1.70 1.68
Fe 2+0.23 0.42 0.37 0.630.22 0.22 0.65 0.52 0.88 0.64 0.71
Mn 0.02 0.03 0.03 0.02 0.020.02 0.03 0.03 0.03 0.03 0.02
Na 0.00 0.000.000.000.000.000.000.000.000.00 0.00
sum 2.18 2.30 2.24 2.39 2.11 2.102.36 2.31 2.502.37 2.41
A site
Na 0.77 0.68 0.67 0.580.660.660.62 0.58 0.47 0.62 0.56
K 0.06 0.02 0.09 0.04 0.230.23 0.02 0.11 0.03 0.01 0.03
Ca 0.00 0.000.000.000.000.000.000.000.000.00 0.00
sum 0.82 0.700.76 0.61 0.89 0.900.640.690.50 0.63 0.59
F 0.00 0.000.000.000.000.000.000.000.000.00 0.02
Cl 0.04 0.03 0.05 0.030.05 0.05 0.03 0.060.04 0.03 0.04
OH 1.96 1.96 1.95 1.96 1.95 1.95 1.97 1.94 1.96 1.97 1.94
Mg#0.72 0.71 0.730.800.67 0.730.85 0.80 0.840.84 0.84